Endothelial progenitor cells (EPCs) are involved in endothelial repair. However, the function of EPCs is impaired in the presence of cardiovascular risk factors. Therefore, upregulation of functional gene expression and bioactive substance production such as superoxide dismutase (SOD) activity and mRNA expression in EPCs may contribute to the maintenance of EPC-related endothelial repair. EPCs from human peripheral blood mononuclear cells were exposed to in vitro 5, 15 and 25 dyn/cm 2 shear stress for 5, 15 and 25 h, respectively. Shear stress in a dose-and time-dependent fashion increased Cu/Zn SOD activity of human EPCs. Shear stress also upregulated the Cu/Zn SOD mRNA expression of human EPCs, indicating that an increase in Cu/Zn SOD activity induced by shear stress was mediated by enhanced transcription. Our data are the first time to show that in vitro shear tress enhances mRNA expression and activity of Cu/Zn SOD in human EPCs, suggesting that shear stress can be used as a novel means of manipulation to improve functional potential of EPCs. The augmentation in copper/ zinc-containing enzyme (Cu/Zn SOD), with subsequent accelerated superoxide anion (O 2 À ) inactivation, might increase locally nitric oxide (NO) biological availability, which contributes to EPC-related vascular protection.
Introduction
The loss of endothelial function and integrity plays a pivotal role in the initiation and progression of vascular disease. Owing to the detrimental effect of endothelial cell loss in the pathogenesis of vascular disease, attention has recently focused on the development of strategies to increase rapid endothelial repair. Accumulating evidence indicates that circulating endothelial progenitor cells (EPCs) are involved in endogenous injured endothelial recovery. 1 However, several studies demonstrated that a fall in function and number of circulating EPCs was found in vascular disease. 1, 2 It is essential to develop novel methods to improve functional potentials of EPCs.
It is generally accepted that physiological levels of shear stress play important roles in the regulation of endothelial functional alterations. [3] [4] [5] [6] [7] [8] [9] Our recent study has demonstrated that in vitro shear stress enhances mRNA expression and production of nitric oxide (NO) in human EPCs, 10 which is an important biological mediator in the maintenance of functional potentials for EPC-mediated endothelial repair. The biological effect of NO is limited by the short half-life of the molecule. It has been demonstrated that a physiologically relevant factor that regulates the half-life of NO is the level of superoxide anion (O 2 À ) production. 11 Superoxide dismutase (SOD) is a major determinant of the level of O 2 À , which dismutases O 2 À and accelerates the O 2 À inactivation. In humans, there are three isoforms of SOD: including a cytosolic copper/ zinc-containing enzyme (Cu/Zn SOD), mitochondrial manganese enzyme and an extracellular SOD. Studies showed that release of biologically active NO is critically dependent on the endogenous Cu/Zn SOD in mature endothelial cells. 11, 12 It has been demonstrated that compared with human umbilical vein endothelial cells (HUVEC)s, EPCs exhibited approximately three to fourfold higher expression and activity of manganese SOD, but not Cu/Zn SOD or catalase. 13 Therefore, upregulation of Cu/Zn SOD activity in EPCs may contribute to their beneficial effects on endothelial function. However, until now, there are no available data to show effect of in vitro shear stress on Cu/Zn SOD in human EPCs. We hypothesized that in vitro shear stress might effectively increase Cu/Zn SOD activity and mRNA expression in human EPCs, which prevents the rapid breakdown of NO and thereby has beneficial effect on the vascular protection. To address this assumption, the peripheral blood mononuclear cells of healthy subjects were collected and cultured in vitro into EPCs. Then the human EPCs were grown in artificial vessels, which were exposed to shear stress produced by the biomimic device. The human EPCs were tested in vitro for their ability to upregulate the Cu/Zn SOD mRNA expression and activity under physiological conditions of shear stress.
Methods
Mononuclear cell isolation and culture Mononuclear cells were isolated from 50 ml of human peripheral blood by Ficoll-Paque (Amersham, Wikstrdams, Sweden) density gradient centrifugation. Cells were then plated on culture dishes coated with 100 mg ml À1 of human fibronectin (Sigma, Saint Louis, USA) and cultured in EGM -2 (Clonetics, San Diego, CA, USA), supplemented with 5% foetal bovine serum, human vascular endothelial growth factor, human FGF-2, human epidermal growth factor, insulin-like growth factor and ascorbic acid at 371C in an atmosphere of 5% CO 2 . Five days after seeding, 10% of the cells had attached to dishes, whereas the remaining 90% were nonadherent. Non-adherent cells were removed by washing with phosphate-buffer saline (PBS). The adherent cells were used as target cells.
Identification of EPCs
To confirm the EPC phenotype, attached mononuclear cells were incubated with 1,1 1 -dioctadecyl-3,3,3 1 ,3 1 -tetramethylindo-carbocyanine perchloratelabelled acetylated low-density lipoprotein (LDL) (DiI-acLDL, 10 mg ml À1 ; Molecular Probes, Eugene, OR, USA) at 371C for 1 h. The cells were then fixed with 2% paraformaldehyde for 10 min and incubated with fluorescein isothiocyanate (FITC)-labelled Ulex europeus agglutinin (lectin, 10 mg ml À1 ; Sigma) for 1 h. After staining, the samples were viewed with inverted fluorescent microscope (Nikon). Cells demonstrating double-positive fluorescence were identified as differentiating EPCs, similar to previous reports. 14, 15 The cellular expression of von Willebrand factor (vWF) and Flk-1 (vascular endothelial growth factor receptor 2) was also measured. As the primary antibodies, rabbit polyclonal antibody against human vWF (Nichirei, Serotec, UK) and mouse against human Flk-1 (Neomarkers, Fremontis, CA, USA) were applied to the cells. After washing with PBS, biotinylated goat anti-rabbit IgG antibody (SouthernBiotech, Birmingham, UK) for vWF detection or biotinylated rabbit polyclonal anti-mouse antibody (SouthernBiotech, Birmingham, UK) for Flk-1 detection was applied. The cells demonstrating green, positive fluorescence were identified as differentiating EPCs, similar to previous reports. 14, 15 EPC seeding and in vitro culture with shear stress The cultured EPCs were harvested and diluted with 1 ml of the EGM-2 culture medium. The cell suspension (1.0 Â 10 6 cells ml À1 , 0.5 ml) was added to the polyporous polyurethane graft (length, 40 mm; inner diameter, 4 mm), and the graft was rotated around its longitudinal axis at a speed of 6 r.p.m. for 1 day to ensure complete monolayer formation (5 Â 10 5 cells/graft, 1 Â 10 5 cells cm À2 ). After 1 day of incubation in EGM-2 culture medium, an EPC-seeded artificial graft was obtained. Hydrodynamic shear stress loaded on adherent seeded cells in grafts was carried out according to procedures reported previously. 10 The artificial vessels seeded with cells were exposed to 5 (n ¼ 4), 15 (n ¼ 4) and 25 (n ¼ 4) dyncm À2 shear stress for 5, 15 and 25 h, respectively. Shear stress was calculated from Poiseuille's equation t ¼ 4ZQ/qr 3 , where t is the shear stress, Z is the fluid viscosity, Q is the medium fluid flow rate and r is the radius of cylinder.
Assessment of Cu/Zn SOD activity
The culture medium (100 ml) at each time point under different shear stress was collected for estimating the Cu/Zn SOD activity. SOD activity was assessed by xanthine oxidase method. O 2 À was generated by the xanthine and xanthine oxidase reaction system. O 2 À can oxidize hydroxylamine to nitrite and present for prunosus with a chromogenic agent acting, which was determined by spectrophotometer. SOD in the sample can only inhibit O 2 À and decrease the formation of nitrite. The amount of light absorbance in the experimental tube is less than that of the control tube and the SOD activity in the sample is determined. The sample was then treated with SDS and potassium chloride to keep the activity of Cu/Zn SOD and abolish the activity of manganese SOD.
Determination of Cu/Zn SOD mRNA expression Probes and primers. Oligonucleotide primers and TaqMan probes were designed by use of the Primer Express 2.0 (Applied Biosystems Inc., Foster City, USA) from the GenBank database as follows: Cu/Zn SOD and b-actin (Table 1) .
Isolation of total RNA
After 25 h of shear stress treatment, the EPCs were digested by incubation with 0.25% trypsin for 2 min. The cell suspension was centrifuged for 10 min at 2000 r.p.m, and the cell pellet was resuspended in denaturing solution (4 mol À1 guanidinium thiocyanate, 25 mmol À1 sodium citrate, pH 7, 0.5% sarcosyl and 0.1 mol/l 2-mercaptoethanol).
Total cellular RNA was extracted with the guanidinium thiocyanate-phenol-chloroform method. Total RNA concentration was determined at A 260 and A 280 (A 260 /A 280 41.7) spectrophotometric measurements with a UV-1206 spectrophotometer (SHIMADZU Biotech Ltd, Kyoto, Japan). The purity of precipitated total RNA was determined with 1% agarose gel electrophoresis under denatured conditions.
Reverse transcriptase (RT) reaction
Reverse transcription of the 2 ml solution from the above extracted total RNA was performed in a total volume of 20 ml with 4 ml RT-buffer, 0.4 ml forward primer, 0.4 ml reverse primer, 0.4 ml dNTP, 5 ml total RNA, and 1 ml Moloney murine leukaemia virus RT and 7.8 ml diethyl pyrocarbonate H 2 O. The reverse transcription buffer included 50 mM Tris-HCl(pH 8.0), 50 mM KCl, 4 mM MgCl 2 and 10 mM dithiothreitol. Samples were incubated at 371C for 1 h, and 951C for 3 min. The working machine was PE9600 polymerase chain reaction (PCR)-machine, and the PCR protocol was purchased from QIAGEN Company (Germany).
RT-PCR
Five microlitres of solution from the above cDNA production was performed in a total volume of 50 ml with 10 ml RT-buffer, 1 ml forward primer, 1 ml reverse primer, 1 ml dNTP, 5 ml cDNA and 1 ml fluorescent probe, 7.8 ml Taq polymerase and 29 ml ddH 2 O. The RT-buffer included 10 mM Tris-HCl (pH 8.0), 50 mM KCl and 2 mM MgCl 2 . Samples were incubated at 931C for 2 min, 931C for 1 min and 551C for 1 min (typically observed at 40 cycles). The Cu/Zn SOD gene expression was evaluated with a TaqMan realtime RT-PCR assay on an ABI 7700 Sequence Detector (Applied Biosystems Inc.), and normalized to the housekeeping gene of b-actin. All analyses were standard procedures of the PE 7700 detection system.
Statistical analysis
All results are expressed as means7standard deviation (s.d.) One-way analysis of variance (ANOVA) and unpaired Student's t-test were used to evaluate differences between groups. A value of Po0.05 was considered statistically significant.
Results

Characterization of human EPCs
Total human peripheral blood mononuclear cells isolated and cultured for 7 days resulted in a spindle-shaped, endothelial cell-like morphology. These cells were positive for both DiL-acLDL uptake and FITC-ulex-lectin binding, corresponding to the previously described EPC phenotype (Figure 1a-c) . 14, 15 The analysis demonstrated that EPCs expressed the endothelial specific markers of vWF and Flk-1 (Figure 1d and e).
Effect of shear stress on Cu/Zn SOD production in human EPCs
To determine the effect of shear stress on Cu/Zn SOD activity in human EPCs, the human EPCs were exposed to in vitro shear stress treatment with 5, 15 and 25dyn/cm À2 for 5, 15 and 25 h, respectively. The EPCs without shear stress treatment served as controls. As shown in Figure 2 , application of shear stress in a dose-and time-dependent fashion resulted in an increase in the Cu/Zn SOD activity in human EPCs, when gradually increasing the shear stress from low to high levels compared with stationary condition (Po0.05).
Effect of shear stress on Cu/Zn SOD mRNA level in human EPCs
To determine the effect of shear stress on Cu/Zn SOD mRNA expression in human EPCs, the human EPCs were exposed to in vitro shear stress treatment with 5, 15 and 25dyn/cm À2 for 25 h, respectively. The EPCs without shear stress treatment served as controls. As shown in Figure 3 , application of shear stress in a dose-dependent fashion resulted in an increase in the Cu/Zn SOD mRNA expression in human EPCs, when gradually increasing the shear stress from low to high levels compared with stationary condition (Po0.05).
Discussion
The results of the present study provide evidence for the first time that in vitro shear stress treatment, in a dose-and time-dependent fashion, increases Cu/Zn SOD activity in human EPCs. The Cu/Zn Shear stress and Cu/Zn SOD in human EPCs J Tao et al SOD mRNA expression of human EPCs in response to shear stress is also upregulated, which is in part responsible for the enhanced Cu/Zn SOD activity. These findings suggest that shear stress is an effective means of manipulation for the improvement of functional potential of human EPCs, which contributes to EPC-related rapid endothelial repair. Endothelial damage is crucial, as the early step in the pathogenesis of vascular disease. Cardiovascular risk factors lead to injury of the endothelium, which triggers the development of atherosclerosis. Traditionally, the repair of damaged endothelium is thought to be exclusively mediated by the adjacent endothelial cells. A growing body of evidence suggests that circulating EPCs play important roles in the repair of endothelial cells. Regeneration of the endothelium by circulating EPCs represents a novel approach in the prevention of vascular disease. However, limitations in endothelial repair with EPCs are derived from the harmful effect of cardiovascular risk factors. 1, 2 We and other investigators provide data to show that in subjects with ageing, hypertension, diabetes and dyslipidemia the function and number of circulating EPCs are abnormal. 1, 2, 16 This stimulates one to identify the ideal model to improve EPC functionality.
Fluid shear stress is an important factor influencing endothelial potentials. It has been demonstrated that shear stress plays a pivotal role in the regulation of morphology and function of endothelial cells. 3, 9 To investigate the effect of shear stress on the functional properties of EPCs, we simulated in vivo arterial conditions by subjecting the human EPCs seeded on artificial vessels to different shear stress environments by using a biomimic device that has been described previously. 10 By varying the rotational velocity within this apparatus, various degrees of shear stress conditions can be generated. We found that shear stress in a dose-and timedependent fashion, resulted in an increase in the levels of Cu/Zn SOD activity of human EPCs. Shear stress in a dose-dependent fashion also upregulated Cu/Zn SOD mRNA expression of human EPCs. To our knowledge, the present study is the first to show that shear stress increases Cu/Zn SOD activity and mRNA expression in human EPCs. Although the precise mechanism is unclear, the results of Shear stress and Cu/Zn SOD in human EPCs J Tao et al the present study, suggest that the enhanced Cu/Zn SOD activity in human EPCs exposed to shear stress may partly be mediated by increases in Cu/Zn SOD mRNA expression. It has been demonstrated that NO production is an important regulator of EPC functionality. Our recent study showed that shear stress also upregulates the NO production and mRNA expression in human EPCs. 10 Here, we further found that shear stress in dose dependent fashion enhances NO production by human EPCs within 25 h. Similar to our previous study showing that the NO production in human EPCs reached to the plateau condition after 1 h with shear stress treatment, 10 this phenomenon for NO production may even extend to 25 h with shear stress treatment (data not shown). It should be pointed out that in addition to augmented NO production, reduced rate of NO degradation also contributes to the NO-dependent vascular protection related to EPCs. The primary mechanism of NO degradation in the vasculature is its rapid interaction with O 2 À . 11 Therefore, an important measure to prolong the biological half-life of NO is to scavenge O 2 À . 17, 18 The Cu/Zn SOD is the major enzymatic mechanism of O 2 À scavenging in endothelial cells. 19, 20 On the basis of our current observation, it can be postulated that upregulation of Cu/Zn SOD activity and mRNA expression in human EPCs shown by our present data with probably increased NO biological availability may be regarded as an alternative mechanism synergistically responsible for the amelioration of EPC functional potentials, which further enhances endothelial repair.
The present study is subject to several limitations. First, we hypothesized that in vitro shear stress treatment may improve the functional potentials of the human EPC as shown by increased Cu/Zn SOD activity, which is associated with the rapid endothelial repair. The data reported here, however, does not permit us to elucidate this possibility. Previous in vivo animal experiment studies demonstrated that enhanced re-endothelialization in artificial vessel seeded with human EPCs subjected to pretreatment of in vitro shear stress can be achieved, at least in part, supporting the notion put forward by our present study. [21] [22] [23] Second, we imply that increased Cu/Zn SOD activity may accelerate inactivation of O 2 À with preservation of the NO bioavailability in human EPCs. There is lack of data to show in the change of O 2 À production in human EPCs and this question should be answered in the future studies. Third, the exact molecular signalling mechanisms underlying the upregulation of Cu/Zn SOD activity and mRNA expression by human EPCs in response to shear stress are beyond the present investigation and also remain to be studied further.
In summary, the present study demonstrates that in vitro shear stress not only facilitates the Cu/Zn mRNA expression, but also increases Cu/Zn SOD activity in human EPCs. The augmentation in Cu/Zn SOD with subsequent accelerated O 2 À inactivation might enhance locally NO biological availability, which contributes to the improvement in functional potentials in human EPCs and thereby has beneficial effect on the endothelial repair in damaged vessels. Further investigations are required in vivo to determine association between increased Cu/Zn SOD activity and mRNA expression in human EPCs, exposed to shear stress pretreatment and endothelial repair. What is known about topic K Circulating EPCs represent an important endogenous repair means for endothelial injury. K The fall in function and number of circulating EPCs is found in the presence of cardiovascular risk factors. K The physiological levels of shear stress have beneficial effects on the maintenance of endothelial integrity, which is at least in part related to the increased SOD production.
What this study adds K The influence of in vitro shear stress on Cu/Zn SOD activity and mRNA expression in human EPCs was evaluated. K In vitro shear stress in dose-and time-dependent fashion increased Cu/Zn SOD activity and mRNA expression in human EPCs. K The present study suggests that the augmentation in Cu/Zn SOD production in human EPCs by shear stress might increase NO biological availability, which contributes to EPC-related vascular protection. Shear stress can be used as a novel means of manipulation to improve functional potential of EPCs.
Shear stress and Cu/Zn SOD in human EPCs J Tao et al
